The plant hormone jasmonate coordinates immune and growth responses to increase plant survival in unpredictable environments. The core jasmonate signaling pathway comprises several functional modules, including a repertoire of COI1-JAZ (CORONATINE INSENSITIVE1-JASMONATE-ZIM DOMAIN) coreceptors that couple jasmonoyl-L-isoleucine perception to the degradation of JAZ repressors, JAZ-interacting transcription factors that execute physiological responses, and multiple negative feedback loops to ensure timely termination of these responses. Here, we review the jasmonate signaling pathway with an emphasis on understanding how transcriptional responses are specific, tunable, and evolvable. We explore emerging evidence that JAZ proteins integrate multiple informational cues and mediate crosstalk by propagating changes in protein-protein interaction networks. We also discuss recent insights into the evolution of jasmonate signaling and highlight how plant-associated organisms manipulate the pathway to subvert host immunity. Finally, we consider how this mechanistic foundation can accelerate the rational design of jasmonate signaling for improving crop resilience and harnessing the wellspring of specialized plant metabolites.
INTRODUCTION
Plants continuously integrate environmental signals to adjust their growth, development, and metabolism in ways that optimize reproductive success. In addition to anticipating diurnal cues, such as light and temperature, plants as sessile organisms benefit from the ability to sense and respond to unpredictable environmental influences, including water shortage and associations with organisms that infect, parasitize, or otherwise exploit plants as a source of nutrition and shelter. Through the millennia, these selective pressures shaped the emergence of signaling networks in which small-molecule hormones have a central role in linking stress perception to complex transcriptional responses that promote plant resilience in changing and often hostile environments (37, 119, 131) .
Here, we discuss advances in understanding the molecular mechanisms by which the major stress hormone jasmonate and the receptor-active conjugate jasmonoyl-l-isoleucine ( JA-Ile), in particular, mediate transcriptional responses to various environmental and developmental cues. As a member of the oxylipin family of compounds, JA-Ile is best known for promoting durable resistance to a broad spectrum of plant consumers, ranging from pathogenic bacteria and fungi to insect and mammalian herbivores (17, 100) . Much of the scientific interest in this field can be traced to studies showing that jasmonic acid ( JA), methyl-JA (MeJA), and other metabolic precursors of JA-Ile (referred to collectively as jasmonates) are potent elicitors of specialized metabolites and proteins that deter plant enemies (14, 48, 65, 128, 154) . Given the role of these coevolving plant-biotic interactions in shaping chemical richness within the plant kingdom (9), we argue that mechanistic knowledge of the jasmonate pathway and its evolutionary origins will advance a broad understanding of patterns of plant defense and, more generally, the ecology of terrestrial habitats that are dominated by plants and their interacting organisms. Toward this goal, we build on the Input signals and output responses of the core jasmonoyl-L-isoleucine ( JA-Ile) signaling pathway. The schematic depicts how the modular design of JA-Ile signaling is linked to various inductive cues (top) and physiological output responses (bottom). Inductive signals include microbe-, herbivore-, and damage-associated molecular patterns (MAMPs, HAMPs, and DAMPs, respectively) derived from attacking organisms, damaged plant cells, and other environmental stresses. These signals are recognized by pattern recognition receptors at the cell surface to trigger de novo synthesis of JA-Ile from plastid lipids. JA-Ile promotes degradation of multiple JAZ proteins (exemplified by JAZx-z) via the action of the E3 ubiquitin ligase SCF COI1 and the 26S proteasome. Degradation of JAZ relieves repression on the JAZ-interacting transcription factors (exemplified by TFa-c) that govern various physiological output responses involved in growth, development, and tolerance to biotic and abiotic stresses. The conserved core pathway may be repurposed through evolution to link other input signals to specific transcriptional responses. This simplified scheme does not depict that many JAZ proteins functionally interact with multiple transcription factors.
JASMONATE-ZIM DOMAIN ( JAZ):
a family of nuclear proteins that bind to and repress various transcription factors; JAZ proteins also function as part of the JA-Ile receptor JASMONATE-ZIM DOMAIN ( JAZ) repressor model of induced resistance and extend the idea that modularity in the core JA-Ile signaling pathway can accommodate evolutionary innovations that link various environmental inputs to diverse physiological outputs (Figure 1 ) (17, 65) . The conserved yet flexible organization of this signaling system is consistent with the remarkable spectrum of defense traits regulated by JA-Ile, as well as increasing evidence that the hormone has critical roles in ensuring plant tolerance to many abiotic stresses, including high salinity, drought, and temperature extremes (67, 76, 82, 150) . Interestingly, the function of jasmonate is not limited to improving stress tolerance but extends to various aspects of plant growth and reproduction that are integral to stress resilience (14, 154) . As illustrated by studies of plant growth-defense trade-offs (60, 68, 131, 185) , the dual role of jasmonate in stress protection and in development are increasingly viewed not as divorced processes but rather as components of an integrated response that optimizes Darwinian fitness in dynamic environments (Figure 1) . The discovery of JAZ proteins a decade ago (26, 148, 168) spurred remarkable progress in understanding how the biosynthesis of JA-Ile is coupled to transcriptional activation of jasmonateresponsive genes. Here, our emphasis on JAZ signifies the importance of this protein family in explaining an overarching question that continues to propel the field forward: How does a single major form of the hormone ( JA-Ile) in vascular plants generate transcriptional outputs that are both highly specific and yet functionally diverse? We synthesize recent genetic and structural studies through the lens of JAZ proteins to describe both the core JA-Ile signaling pathway as well as a larger network of protein-protein interactions that underpin molecular crosstalk in jasmonate signaling. We also discuss recent insights into the ancient origins of jasmonate signaling and the emerging paradigm that core pathway components are frequent targets for manipulation by diverse organisms that depend on plants as a source of nutrition. Finally, we describe how present knowledge of JA-Ile action is laying the foundation for addressing important challenges in translational research that will help meet global demands for food security and the sustainable production of valuable plant products.
THE CORE JASMONATE SIGNALING PATHWAY
The core jasmonate signaling pathway consists of interconnected functional modules that govern the transcriptional state of hormone-responsive genes. The most intensively studied jasmonateinducible transcription factors are the basic helix-loop-helix (bHLH) protein MYC2 and its close relatives, such as Arabidopsis MYC3 and MYC4; these members of bHLH subclade IIIe bind to G-box motifs to regulate the expression of a large portion of jasmonate-responsive genes (26, 39, 79, 101). Here, we review progress made in the past decade in understanding the mechanisms by which MYC transcription factors (MYCs) are subject to JAZ-mediated repression and JA-Iletriggered activation.
Transcriptional Repression
The plant-specific group of JAZ proteins plays a critical part in repressing the activity of MYC transcription factors. JAZ proteins belong to the larger family of TIFY proteins that is named for the presence of a highly conserved TIF[F/Y]XG motif residing within the ZIM (initially named for a zinc-finger protein expressed in the inflorescence meristem) domain of all family members (Figure 2) (7, 151) . The JAZ repressors are distinguished from other TIFY proteins by the presence of an approximately 27-amino-acid, multifunctional Jas motif located near the C terminus (Figures 2 and 3a) . Interspecies variation in the number of JAZ genes, which ranges from one in Marchantia polymorpha to more than 20 in many higher plants, reflects whole-genome and tandem duplication events that gave rise to functional diversity and redundancy in this rapidly evolving gene family (7) . The Arabidopsis genome encodes 13 JAZ proteins ( JAZ1-JAZ13) that are classified into 5 phylogenetic groups (I-V) (Figure 2) (149) . These five groups are present in all angiosperms, with significant expansion of group I JAZ proteins in monocots (7) .
When cellular levels of JA-Ile are below a threshold concentration, the Jas motif adopts an extended α-helix conformation that binds to the JAZ-interacting domain ( JID) near the N terminus of MYCs (Figure 3a,b) (175) . Although the JID and adjacent transactivation domain (TAD) of MYC2 were initially mapped as discrete regions (79) , structural analysis of JAZ9-MYC3 The JAZ protein family in Arabidopsis. The phylogenetic tree includes JAZ proteins encoded by 13 loci (JAZ1-JAZ13) and the single JAZ found in Marchantia polymorpha (MpJAZ; the broken structure indicates that the N and C termini of MpJAZ are larger than shown). Also depicted are two splice variants of JAZ10 in which the Jas motif is truncated ( JAZ10.3) or deleted ( JAZ10.4) relative to the full-length JAZ10.1 variant. Many other JAZ derivatives are generated by alternative splicing, but they are not shown for simplicity. Phylogenetic groups I-V denote the major JAZ subclades in angiosperms (7) . The position of conserved functional domains is depicted by colored boxes. JAZ13 was not initially identified as a TIFY protein (151) , but nevertheless it contains a recognizable but highly divergent TIFY (ZIM) signature. Inverted black triangles denote positions of conserved introns that flank the Jas motif in the corresponding genomic DNA. Alternative splicing events involving retention of the second of these introns can result in truncation of the Jas motif and greatly reduced interaction with COI1 (e.g., JAZ10.3) (28). Both the Jas motif and the cryptic MYC-interaction domain (CMID) bind to MYCs. Several JAZ proteins (e.g., JAZ8) contain an EAR motif that mediates direct interaction with TPL. The right side of figure summarizes protein-protein interaction data for each JAZ with MYC2, COI1 (in the presence of JA-Ile), NINJA, and TPL (cyan, direct interaction; gray, no or weak interaction; white, no data for MpJAZ interactions).
Mediator complex subunit 25 (MED25):
a subunit of the Mediator complex that interacts with MYC transcription factors, COI1, and chromatinmodifying enzymes complexes revealed that the JID and TAD functionally overlap to form a continuous groove that encompasses the Jas helix (175) . Structural, biochemical, and in planta analyses indicate that the Jas helix competitively inhibits MYC binding to the activator interacting domain (ACID) of MED25 of the Mediator complex, which is an evolutionarily conserved, multiprotein complex that bridges DNA-bound transcription factors and RNA polymerase II, and integrates transcription with a wide variety of cellular signals. A proposed model in which JAZ binding to the JID-TAD region obstructs MYC3-MED25 coupling and, thereby, represses the expression of jasmonate-responsive genes (175) is consistent with studies showing that MED25 is a positive regulator of jasmonate responses (20, 22, 81 ). An and coworkers (4) (175) , also showed that MED25-MYC2 interactions are enhanced upon JA-Ile elicitation (4) . The discovery of JAZ10 alternative splice variants that lack the Jas motif ( Figure 2 ) but retain the ability to repress jasmonate responses suggested that additional JAZ sequence determinants are involved in MYC repression (28, 29). Indeed, structure-function analyses showed that JAZ10 harbors a cryptic MYC-interaction domain (CMID) near the N terminus (108) . X-ray crystallography studies comparing the structure of the MYC3-JAZ10
CMID and MYC3-JAZ10 Jas complexes showed that whereas the Jas motif binds MYC3 as a single continuous α-helix, the CMID adopts a bipartite structure in which one α-helix occupies the Jas-binding groove of MYC and a second helix makes contact with the backside of this groove (174) . This clamp-like action of the CMID engages MYC3 with higher affinity than the Jas helix does and also effectively masks the (Figure 2 ) (55, 174) . These collective findings provide an unprecedented structural view of how distinct modular domains of JAZ (CMID and Jas) interact with and repress MYC activity, and they establish a conceptual foundation on which to evaluate JAZ-mediated repression of transcription factors other than MYC. JAZ proteins also attenuate MYC activity through recruitment of the TOPLESS (TPL) scaffolding protein that silences gene expression through interactions with histones; chromatinmodifying enzymes, such as histone deacetylase (HDA); and the Mediator complex (80, 115) . TPL and TPL-related (TPR) proteins interact specifically with ethylene-response factor amphiphilic repression (EAR) motifs found on a wide range of transcriptional repressors (19) . The TIFY (ZIM) domain of most JAZ recruits TPL or TPR proteins indirectly through the EAR motif-containing NOVEL INTERACTOR OF JAZ (NINJA) adaptor protein (Figures 2 and 3) (115) . A subset of JAZ proteins (e.g., JAZ8) contains EAR motifs that bind TPL directly to repress jasmonate responses independently of NINJA (Figure 2) (137, 147) . The role of TPL as a general repressor of gene expression, together with the ability of non-JAZ TIFY proteins to recruit NINJA-TPL complexes via the TIFY (ZIM) motif (33), indicate that these corepressor modules are not specific to jasmonate signaling but, rather, are shared among diverse transcriptional complexes.
Dimerization and higher-order multimerization of MYC (39, 95), JAZ (25, 29), and TPL (80) family members are consistent with the view that transcriptional repression of jasmonateresponsive genes involves large multiprotein complexes (46) . There is evidence to indicate that these complexes exert epigenetic effects by navigating transcriptional constraints imposed by chromatin (4, 38, 97) . The RPD3-type histone deacetylase HDA6, for example, directly interacts with JAZ proteins and represses the expression of several jasmonate responses in Arabidopsis (82, 160, 184) . Conversely, MED25 recruits HAC1 to catalyze histone 3 Lys 9 (H3K9) acetylation near the transcriptional start sites of MYC2 target genes (4) . Understanding the relationship between jasmonate signaling and the dynamics of chromatin remodeling is a promising area for future research that has the potential to uncover mechanisms underlying the control of specialized metabolism, 103, 148, 157, 168) . COI1 itself is subjected to multiple levels of regulation, including direct association with an essential inositol polyphosphate cofactor (89, 109, 135) and regulated proteolysis (164) .
JA-Ile-induced destruction of JAZ by the SCF COI1 -proteasome system provides an efficient mechanism to dissociate corepressor modules (e.g., NINJA-TPL) from the promoters of MYC target genes and subsequently recruit transcriptional coactivators. Biochemical and structural studies indicate that JAZ degradation simultaneously unmasks JID and TAD to permit binding of MED25 and engagement of RNA polymerase II via the Mediator complex, thus establishing an activated transcriptional state (Figure 3 ). This emerging model of hormone-dependent relief of repression on MYC is supported by genetic, biochemical, and structural studies (14, 41, 86, 116) . A remarkable feature of this mechanism is the key part played by structural changes in the Jas motif, which makes direct contact with COI1, JA-Ile, and MYC. It appears that changes in JA-Ile levels are associated with distinct conformations of the Jas motif as it exists in the MYC-JAZ resting complex (175) compared with the hormone-activated COI1-JAZ complex (135), thus providing a simple switch to derepress MYC activity (Figure 3b ). Rapid (<15 min) expression of primary target genes in response to increased JA-Ile levels (30, 52, 85) attests to the speed of transcriptional activation and is consistent with the short half-life of some JAZ repressors, such as JAZ1 (56, 115, 148) . Direct binding of COI1 to a multiprotein repression complex containing JAZ-bound MYC may increase the efficiency of hormone-dependent JAZ degradation, thus linking JA-Ile perception to the RNA polymerase II general transcription machinery assembled at the promoters of MYC target genes (Figure 3c ) (4) .
Sequence variation in the JAZ degron affects JAZ stability and the physiological outputs of the jasmonate pathway (137, 149). This observation supports a scenario in which combinatorial assembly of COI1 with various JAZ coreceptors that exhibit a range of destruction kinetics may provide a mechanism to sense a dynamic range of JA-Ile concentrations, analogous to the present view of discriminatory auxin perception (16) . In this manner, specific input signals that trigger the accumulation of discrete thresholds of JA-Ile in the nucleus could conceivably activate specific transcription factors as a mechanism to increase response specificity (27, 137). In addition to interactions with JAZ, MYC and other JAZ-interacting transcription factors are subject to many other 
TEMPORAL AND SPATIAL CONTROLS
Core components of the jasmonate signaling pathway are subject to many layers of regulation that serve to tailor the amplitude, duration, and developmental timing of responses, as well as the expression of cell-type and organ-specific JAZ-transcription factor modules. Insight into these spatial and temporal control circuits is critical for understanding the broader role of this hormone in governing physiological trade-offs, crosstalk with other signaling pathways, and general patterns of defense and specialized metabolism in the plant kingdom.
Time-Delayed Termination of Signaling
Although innate immune responses are essential to staving off plant consumers, these reactions can be detrimental to host fitness if not appropriately terminated, for example, when a threat subsides or when responses to multiple stresses must be prioritized. It is also well documented that jasmonate-triggered immunity is antagonistically linked to growth and reproductive physiology (60, 185) . Accordingly, inducible transcription factors, such as MYC, that execute immune responses should be active for only defined periods following induction. This functionality is mediated by negative feedback loops that operate with built-in time delays, including negative regulators whose production is stimulated by inducible transcription factors (127) . In this context, it is noteworthy that many negative regulators of jasmonate signaling have been identified using coexpression-based guilt-by-association approaches that have proven remarkably powerful for exploring the jasmonate network (17) .
JA-Ile catabolism and transport. Jasmonate-mediated transcriptional responses are tightly integrated with the accumulation of JA and JA-Ile, whose production from fatty acid precursors in chloroplast membranes has been extensively studied (Figure 4) (83, 130, 154) . A key feature of JA-Ile as the molecular trigger of signaling is its rapid accumulation (a timescale of seconds to minutes) in response to tissue damage or other types of elicitation (52, 85) . Initial insights into metabolic pathways that switch off signaling came from observations that the wound-induced JA burst is followed by a rapid decline in hormone levels, concomitant with the accumulation of hydroxylated JA derivatives (105) . Studies over the past several years have uncovered a metabolic network that efficiently removes the cytosolic pools of JA-Ile generated by the JA-conjugating enzyme JAR1 (61, 83, 87, 143) .
At least three major pathways catabolize JA-Ile or restrain its production in the cytosol (Figure 4) . In the ω-oxidation pathway, cytochromes P450 in the CYP94 subfamily catalyze the sequential oxidation of JA-Ile to 12OH-JA-Ile and 12-COOH-JA-Ile (62, 84, 88) . In the hydrolysis pathway, members of the amidohydrolase family catabolize JA-Ile to JA and Ile (10, 156, 158, 178) . JA-Ile accumulation is also curtailed by enzyme systems that divert the flux of JA from JAR1. JA oxidases (called JOX or JAO) belonging to the 2-oxoglutarate dioxygenase family oxidize JA to 12OH-JA as an efficient restraint on JA-Ile production (Figure 4) (15, 138) . The conversion of JA to volatile methyl-JA by JA carboxyl methyltransferase provides another metabolic route for depleting JA pools and thus reducing JA-Ile accumulation (134, 144) .
In addition to this intricate metabolic grid for maintaining JA-Ile homeostasis, jasmonate responses are also regulated by the transport of the hormone within and between cells. Li and 
BIOACTIVE JASMONATES
Bioactive jasmonates are endogenous oxylipins that promote the formation of COI1-JAZ coreceptor complexes. Nonbioactive compounds are either metabolic precursors (e.g., JA) or catabolic derivatives of receptor-active jasmonates (Figure 4) . Initial studies showed that JA-Ile, but not JA, methyl-JA, or OPDA, mediates COI1 binding to JAZ (75, 103, 148) , thereby extending pioneering work on the JA-conjugating enzyme JAR1 as a positive regulator of the pathway (143). The use of pure stereoisomers in subsequent research, including a high-resolution crystal structure of the COI1-JA-Ile-JAZ complex, showed that (+)-7-iso-JA-Ile is the most active naturally occurring isomer owing to the cis configuration of bonds at C3 and C7 of the cyclopentanone ring (Figure 4) (42, 135) . Structurally related JA conjugates containing small nonpolar amino acids also exhibit bioactivity but are much less abundant than JA-Ile in plant tissues (75, 85, 165) . Oxidized derivatives of JA-Ile, such as 12OH-JA-Ile, also retain partial activity in vitro (6, 84, 88) . These data indicate that JA-Ile is the major ligand for the COI1-JAZ receptor system in higher plants but leave open the possibility that receptor activity is modulated through biochemical modification of JA-Ile or by coreceptor subtypes composed of particular COI1 and JAZ isoforms (165) . Several studies have reported COI1-independent activities for various jasmonates, but their mechanism of action remains largely unknown (154) .
coworkers (92) De novo synthesis of stable JAZ proteins. Most JAZ genes are rapidly expressed in response to stresses that trigger JA-Ile accumulation and subsequent JAZ degradation (26, 30, 148, 168) . If the resulting de novo synthesized JAZ repressors interact weakly or not at all with COI1 in the presence of JA-Ile, they could reengage cognate transcription factors as a time-delay strategy to terminate signaling (Figure 3) . Analyses of Arabidopsis group IV JAZ proteins, including JAZ8 and JAZ13, support this hypothesis. These proteins harbor a noncanonical degron that interacts weakly with COI1 and, as a consequence, enhances the protein's stability and repressor activity in jasmonatestimulated cells (137, 149). Accordingly, the ectopic expression of JAZ8 or JAZ13 resulted in decreased sensitivity to exogenous JA, a phenotype not observed upon ectopic expression of labile JAZ proteins that contain a canonical degron (26, 148, 168) . These studies support the notion that sequence variation in the JAZ degron provides a mechanism to respond to thresholds of JA-Ile that are generated either spatially or temporally in plant tissues. JAZ stability and repressor activity are also increased by alternative splicing events that truncate or completely remove the C-terminal Jas motif. Alternative splicing of JAZ10, for example, generates three splice variants that either strongly ( JAZ10.1), weakly ( JAZ10.3), or fail to ( JAZ10.4) interact with COI1 in the presence of JA-Ile (Figure 2) . These variants exhibit the expected changes in protein stability and repressive activity when overexpressed or mutated in planta (29, 35, 108, 168) . The alternative splicing event responsible for producing JAZ10.3 involves retaining a conserved intron (the so-called Jas intron) that is present in most JAZ genes from diverse land plants, including bryophytes (Figures 2 and 3) (28) . Therefore, the retention of this intron during pre-RNA splicing may represent a general mechanism for producing hyperstable JAZ proteins that (Figure 3c) . The ability of JAM proteins to bind JAZ via the conserved JID suggests that JAM activity is modulated by changes in the abundance of JAZ proteins, but further studies are needed to understand the functional relevance of JAM-JAZ complexes (43, 140). It also remains to be determined whether negative feedback regulation by JAM proteins operates synergistically with, or independently of, newly synthesized, stable JAZ repressors or induction of JA-Ile catabolic pathways. As mentioned above, multiple negative feedback loops are expected to exhibit characteristic time delays to modulate the expression of specific sets of genes. It is likely that additional mechanisms to attenuate jasmonate signaling remain to be discovered, including rapid desensitization switches (e.g., posttranslational modification) that do not require de novo protein synthesis.
Age-dependent decay of jasmonate signaling. Time-delay mechanisms to dampen jasmonate responses also operate over longer developmental timescales. Mao and colleagues (102) showed that the capacity of jasmonate signaling to induce anti-insect defense responses (e.g., inducible glucosinolate biosynthesis) in Arabidopsis decays as leaves progress from juvenile to adult stage. This age-dependent attenuation of signaling is mediated by SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) transcription factors that directly bind to and stabilize JAZ, most likely by interfering with SCF COI1 -mediated protein degradation. Thus, just as the induced expression of stable JAZ proteins may attenuate signaling with a short time delay, JAZ stabilization via SPL interaction provides a distinct mechanism to dampen defense responses with a longer timedelay signature. These findings have the potential to open up new areas of research to aid in understanding how and why patterns of defense change across plant ontogeny (8) .
Organ-and Cell Type-Specific Modules
A key question concerning the regulation of jasmonate signaling is the extent to which organ-, tissue-, and cell type-specific modules contribute to the diversity and specificity of output responses. Progress in addressing this issue has come from several directions. Characterization of mutants exhibiting constitutive activation of a JAZ10 reporter gene showed that NINJA exerts much stronger corepressor activity in roots compared with aerial tissues (2) . This highlights the potential importance of NINJA-independent repression mechanisms in shoot tissues and paves the way for future work to understand organ specificity in JA-Ile signaling. Given the role of jasmonates in stress-induced, long-distance signaling (44, 86), a related question is whether JA-Ile synthesis, perception, and subsequent transcription factor action occur in the same or different cell types. Results from organ-specific complementation experiments showed that hormone perception via COI1 in epidermal cells is sufficient to control aspects of anther function and pollen viability that depend on JA-Ile (69). These findings also suggest that a cell type-specific nonautonomous signal may have a role in coordinating pollen maturation and anther dehiscence. The capacity of most JAZ proteins to interact with MYC2 (Figure 2) , together with the paucity of jasmonate-related phenotypes in many jaz loss-of-function mutants, suggest a level of functional redundancy among members of the JAZ family (27). However, as spatial-specific expression patterns of individual JAZ genes are being revealed and studied in detail, this view of overlapping functions among JAZ proteins is being revised. In one example, guard cell-specific expression of Arabidopsis JAZ2 modulates stomatal behavior during infection with the bacterial pathogen Pseudomonas syringae (50) . This pathogen employs the JA-Ile mimic coronatine as a virulence factor to open stomata and gain entry to the plant apoplast (104) . Coronatine-induced degradation of JAZ2 derepresses MYC activity, which, in turn, activates downstream NAC transcription factors (ANAC19, ANAC55, and ANAC72) that inhibit salicylic acid production and promote stomatal opening (50) . In a second example, expression profiling of JAZ genes in the ecological model plant Nicotiana attenuata showed that one member of the family (JAZi ) is specifically expressed in floral tissues that contain high endogenous levels of JA and JA-Ile (93) . JAZi belongs to the group IV subfamily that includes the noncanonical JAZ13 in Arabidopsis (Figure 2 ) and, interestingly, interacts directly with a NINJA-like protein to repress MYC activity and restrain the production of defense compounds in floral organs. These collective studies highlight the importance of celland organ-specific JAZ-transcription factor modules in controlling the specificity and diversity of jasmonate responses.
THE INTEGRATION OF JASMONATE SIGNALING AND MOLECULAR CROSSTALK
The discovery of JAZ proteins as transcriptional repressors of MYCs provided a conceptual framework to explain how fluctuating JA-Ile levels alter the expression of hormone-responsive target genes. Research during the past decade has revealed that JAZ proteins interact with many transcription factors other than MYCs to expand the range of jasmonate-regulated processes. The following section summarizes the state of knowledge of these multiple JAZ-transcription factor modules and discusses how this network contributes to the diversity and specificity of transcriptional outputs in the context of signal integration and molecular crosstalk.
JAZ Transcriptional Modules
Group III bHLH transcription factors serve broad roles in the plant life cycle and occupy a prominent role in the JAZ-transcription factor interaction network (50, 54) ( Figure 5) . As described previously, the best characterized JAZ-transcription factor module comprises subgroup IIIe bHLH proteins that include MYC2, MYC3, MYC4, and MYC5. In many, if not most, plant species, JAZ-MYC transcriptional modules are particularly important for controlling the production of specialized defense compounds, including those derived from alkaloid, terpenoid, phenylpropanoid, and amino acid biosynthetic pathways (54) . MYC activity is further influenced by competition from subgroup IIId bHLH JAMs to attenuate MYC-dependent responses (Figure 3) , as well as by combinatorial interactions with other transcription factors. For example, MYC interaction with MYB transcription factors plays a crucial part in regulating the production of the glucosinolates that shape plant-herbivore relationships in the family Brassicaceae (133) . MYCs also associate with MYB21 and MYB24, which themselves interact with JAZ to control stamen and pollen development in a tripartite JAZ-bHLH-MYB complex ( Figure 5) (40, 54, 123, 141) . Another JAZ-bHLH-MYB complex-consisting of the subgroup IIIf bHLH proteins ENHANCER OF GLABRA3 (EGL3), GLABRA3 (GL3), and TRANSPARENT TESTA GLABRA8 (TT8), and the R2R3 MYBs MYB75 and GLABRA1 (GL1)-is involved in controlling trichome initiation and anthocyanin production ( Figure 5) (54, 124, 125) . That homologous JAZ-MYC-MYB complexes regulate anthocyanin biosynthesis in the epidermis of apple fruit (5) and fiber initiation in cotton (66) indicates that these JAZ-transcription factor modules are widespread in the plant kingdom.
In addition to myriad roles in biotic stress tolerance, several studies have demonstrated that specific JAZ-transcription factor modules control abiotic stress responses. In both Arabidopsis and banana, JAZ proteins interact with the subgroup IIIb bHLH proteins INDUCER OF CBF EXPRESSION 1 (ICE1) and ICE2 to promote cold acclimation responses ( Figure 5) (67, 181) . JAZ-bHLH transcription factor modules also control salt tolerance in rice. In this case, OsJAZ9 interacts with OsbHLH062 to alter ion homeostasis, and the adaptor protein RICE SALT SENSITIVE3 (RSS3) links JAZ with bHLH proteins to reprogram root growth in high salinity environments (150, 159) . These findings indicate that jasmonate signaling plays a greater part in abiotic stress responses than previously appreciated, and they raise interesting questions about how specific JAZ-transcription factor modules may be prioritized in response to multiple stress conditions.
The JAZ regulatory network extends beyond bHLH and MYB factors to include transcription factors from several other families (Figure 5 ). JAZ interactions with the YABBY transcription factors FILAMENTOUS FLOWER (FIL) and YAB3 contribute to jasmonate-mediated anthocyanin accumulation, chlorophyll degradation, and disease resistance (11), whereas JAZ proteins modulate leaf senescence through direct interaction with WRKY57 (71) . Jasmonate promotes delayed flowering, in part, by modulating the activity of two JAZ-interacting AP2 transcription factors, TARGET OF EAT1 (TOE1) and TOE2, which regulate expression of FLOWERING LOCUS T (101, 173) . JAZ interactions with ETHYLENE INSENSITIVE3 (EIN3) and EIN3-LIKE (EIL1) control jasmonate-ethylene synergism of root hair development and defense against necrotrophic pathogens, whereas MYC interaction with EIN3 or EIL1 antagonizes ethylenemediated apical hook formation and jasmonate-mediated herbivore resistance (139, 179, 184) . In Artemisia annua, JAZ interaction with a homeodomain leucine zipper (HD-ZIP) transcription factor (AaHD1) regulates glandular trichome initiation and, consequently, the content of medicinal artemisinin in these structures (167) . Collectively, these studies help to explain the diversity of JAIle-regulated responses across plant species and also highlight the modularity of JAZ-transcription factor interactions.
The notion that JAZ proteins exert direct control over diverse transcription factors outside the MYC family is supported by genetic analyses showing that MYCs are required for many, but not all, JAZ-regulated traits in Arabidopsis (101). An important unanswered question concerns the mechanisms by which JAZ proteins interact with and repress the activity of non-MYC transcriptional regulators; whereas MYCs bind to almost all JAZ proteins (Figure 2) , most other transcription factors interact with only a few JAZ (27). The Jas motif has been implicated in several of these non-MYC interactions (Figure 5b) , but additional studies are needed to define the molecular and structural details of these associations.
JAZ Proteins As Nodes for Signal Crosstalk
JAZ proteins constitute a major hub for crosstalk with diverse stress and developmental signaling pathways that may serve to optimize plant fitness in changing environments (27, 53, 78, 142) . These nodes of signal interaction modulate jasmonate signaling outputs by mechanisms tied to changes in JAZ abundance or accessibility ( Figure 5 ). For example, plant growth-defense balance is controlled in part by JAZ-DELLA interactions that integrate JA-Ile and gibberellic acid signaling, such that elevated gibberellic acid levels enhance JAZ repression of defense and, reciprocally, elevated JA-Ile levels enhance DELLA-mediated repression of growth (68, 142) . In a separate module involving jasmonate-gibberellic acid synergism, JAZ and DELLA proteins interact directly with and repress MYC2, GL3, EGL3, and GL1 to control sesquiterpene emission in flowers and trichome initiation in leaves (63, 124) . JAZ proteins also integrate jasmonate signaling with changes in light quality (i.e., shading) that signal the presence of plant competitors. This shade avoidance response is mainly controlled by the photoreceptor phytochrome B, and involves changes in the abundance of DELLA, JAZ, and MYCs to favor growth over defense (24, 91). As alluded to above, JAZ repressor activity is also influenced by SPL transcription factors that stabilize JAZ to attenuate jasmonate responsiveness during leaf development (102) .
There is also progress in understanding how the core JA-Ile signaling pathway directly interacts with components of other stress hormone-response pathways. JAZ12 stability (117) , as well as the abscisic acid coreceptor PYL6 that interacts with and alters MYC2 transcriptional activity (3). Jasmonate-mediated antagonism of salicylic acid action strongly influences plant immunity and is regulated by direct activation of ANAC transcription factors by MYC2, MYC3, and MYC4 (50, 182) . Conversely, the salicylic acid receptors NPR3 and NPR4 are implicated in the turnover of JAZ proteins as a potential mechanism to mount resistance to biotrophic pathogens without compromising resistance to necrotrophic pathogens (96) . There is also evidence that the energy sensor SNF1-RELATED KINASE 1 (SnRK1) promotes JAZ destabilization to control sugar-induced anthocyanin accumulation (98) . Collectively, these studies highlight the importance of JAZ proteins as key nodes of crosstalk for integrating diverse signals.
Toward a Dynamic JAZ Interaction Network
Simplified models of jasmonate signaling typically depict a binary switch in which signaling is either off or on in response to, respectively, low or high JA-Ile levels (Figure 3) . In natural environments, however, JA-Ile levels continuously fluctuate and are predicted by mathematical models to exhibit pulse-like behavior (23, 86, 154) . These considerations, together with the opposing effects of JA-Ile on JAZ stability and induced JAZ expression, support the notion that JAZ protein levels are highly dynamic. The preponderance of predicted surface exposed and disordered regions outside the TIFY (ZIM) and Jas motifs (31; G.A. Howe, unpublished observations) further suggests that JAZ proteins have inherent structural flexibility to accommodate various partners that use different modes of binding, consistent with the high degree of connectivity between JAZ proteins and other transcriptional regulators ( Figure 5) . Thus, fluctuating levels of JA-Ile sensed by combinatorial assemblies of COI1-JAZ coreceptors may serve not only to alter the transcriptional state of genes bound by JAZ-transcription factor complexes but are also likely to mediate crosstalk between pathways by propagating changes in a broader protein-protein interaction network. For example, hormone-induced JAZ depletion relieves repression on MYCs and simultaneously allows DELLA proteins to bind and repress the activity of growth-promoting PHYTOCHROME-INTERACTING FACTOR transcription factors (PIFs) (169) . In Arabidopsis, JAZ degradation also promotes MYC heterodimerization with MYB transcription factors to activate glucosinolate biosynthesis and anti-insect resistance (133) . A recurring but largely unexplained pattern of protein-protein interaction within the JAZtranscription factor network involves two JAZ binding partners that physically interact with each other (Figure 5c ). Most prominent among these tripartite modules are transcriptional regulators such as DELLA, MYB, EIN3, and ICE1, which interact with both JAZ and MYC2. These proteins may form ternary complexes in which JAZ impedes direct transcription factor-transcription factor interaction until JA-Ile is perceived and JAZ degraded. Alternatively, two partners within the circuit may compete with each other for binding to the third partner, as proposed for JAZ-DELLA interactions with cognate MYCs and PIFs (64, 169) . Applying experimental approaches to interrogate the dynamics of protein assemblies that are scaffolded by JAZ will be useful for investigating the functional relevance of these interaction subnetworks.
THE MANIPULATION OF JASMONATE SIGNALING BY PLANT-ASSOCIATED ORGANISMS
Many organisms whose life cycle is intimately associated with plants have evolved mechanisms that co-opt or otherwise impair jasmonate signaling for their benefit. The nature of this manipulation typically depends on the type of host immunity encountered by the invading organism. In general, biotrophic and hemibiotrophic pathogens that elicit salicylic acid-dependent immunity deploy effectors that activate jasmonate signaling to antagonize salicylic acid action. Conversely, necrotrophic parasites and herbivores that trigger jasmonate defenses employ mechanisms that suppress this branch of immunity. As knowledge of immune signaling networks has matured, it is becoming increasingly clear that core components of the JA-Ile signaling pathway are a frequent target of diverse pathogen effectors (Figure 6) (51, 53, 77, 163, 177) . This convergence of multiple virulence factors on a major hub of the plant immune system provides compelling evidence for the importance of jasmonate in mediating plant interactions with associated biota, and also highlights key control points in the JA-Ile signaling pathway.
Pathogen Effectors As Receptor Ligands
As illustrated by the phytotoxin coronatine, which is synthesized by some plant pathogenic strains of Pseudomonas syringae, an effective strategy to suppress salicylic acid-based immunity among hemi-and biotrophic bacterial pathogens is the secretion of structural analogs of JA-Ile that activate the COI1-JAZ receptor system (47, 75, 135) . The existence of distinct pathways for the biosynthesis of coronatine and related coronafacoyl phytotoxins, including the Ile conjugate of coronafacic acid (Figure 4) (165) , supports the notion that the JA-Ile signaling pathway is a convergent target of these pathogens (17) . This strategy for suppressing host immunity extends to fungal pathogens as well. For example, many pathogenic and saprophytic fungi produce large quantities of naturally active isomers of JA and JA-Ile, which appears to be a critical factor for pathogenicity (32, 51, 53) . Collectively, these findings indicate that the production of bioactive jasmonates or their precursors by pathogens represents a general strategy to antagonize the salicylic acid-dependent sector of plant immunity. Research aimed at understanding the biosynthesis of JA, JA-Ile, and JA-Ile mimics (e.g., coronafacoyl phytotoxins) by plant pathogens promises to provide a fascinating window into coevolving molecular processes that shape these biotic interactions (13, 113) .
Some plant-associated organisms deploy effectors that interfere with the ability of the host to produce JA-Ile (Figure 6) . The phytoplasma Aster yellows, which is transmitted by insect leafhoppers, suppresses JA-Ile-dependent defenses to improve the performance of its insect vector (146). The Aster yellows effector SAP11 destabilizes the transcriptional activators of the JA biosynthetic gene LOX2 and decreases JA-Ile levels to bolster leafhopper survival and fecundity (146). Other effectors interfere with host JA-Ile production by metabolizing precursors of the hormone. Rice blast fungus (Magnaporthe oryzae) secretes a monooxygenase (Abm) that catabolizes JA to suppress JA-Ile-mediated immunity in rice (114) . This mode of virulence is comparable to the role of plant JA oxidases ( JOXs and JAOs) in attenuating JA-Ile signaling by converting JA to 12OH-JA (Figure 4) (15, 138) . Several other examples of JA catabolism by plant-associated fungi suggest that perturbation of JA-Ile biosynthesis is a common mechanism for enhancing the virulence of plant pathogens (106) .
Effectors that Modify JAZ Stability
Microbial effectors also manipulate JAZ stability, either by influencing COI1-JAZ interactions or by direct proteolysis (Figure 6 ). The P. syringae effectors HopZ1a and AvrB both enhance COI1-mediated degradation of JAZ proteins. HopZ1a acetylates JAZ proteins to target them for degradation by the SCF COI1 -proteasome pathway, resulting in suppression of stomatal immunity (70, 99) . In addition to other effector functions, AvrB promotes COI1-JAZ interaction and JAZ degradation by an unknown mechanism involving elevated activity of a plasma membrane proton ATPase (183) . The P. syringae effector HopX1 is a cysteine protease that degrades JAZ proteins independently of SCF COI1 (49) . By contrast, the fungal mutualist Laccaria bicolor suppresses jasmonate-regulated defenses to permit colonization of its host. This is achieved through deployment of the MiSSP7 effector, which interacts with and stabilizes a JAZ protein against JAIle-mediated degradation (120) . Consistent with the concept of JAZ proteins as common targets for pathogen hijacking, large-scale, protein-protein interaction screens of effectors from bacterial, fungal, and oomycete biotrophs have revealed JAZ3 as a cross-kingdom target of effectors (110, 155) .
Effectors that Interfere with MYC Transcription Factors
Some effectors also modulate the activity of jasmonate-regulated transcription factors, including MYCs. HopBB1 from P. syringae manipulates JAZ proteins to activate JA-Ile signaling and suppress plant immunity. One effector function of HopBB1 is to interfere with JAZ-MYC interactions to release MYCs from repression (170) . Begomovirus, which is transmitted by whiteflies, uses the βC1 effector to disrupt terpene-based plant defenses and enhance the performance of its insect vector (94) . The βC1 effector interacts with MYC2, which disrupts the activation of MYCregulated terpene synthases and reduces whitefly resistance (94) . It has also been shown that egg extract from the lepidopteran herbivore Pieris brassicae reduces MYC protein stability in a salicylic acid-dependent manner to suppress jasmonate responses and enhance larval performance (132) . The broad-spectrum nature of JA-Ile-triggered immunity implies that additional mechanisms to manipulate JA-Ile signaling by plant-associated organisms remain to be discovered, including those that operate across multitrophic levels (1).
THE EVOLUTION OF JASMONATE SIGNALING
Based on the observation that genes encoding putative components of the core JA-Ile response pathway are present in early land plants but not aquatic green algae (152) , it is generally assumed that hormonally active jasmonates evolved in response to selective conditions associated with plant colonization of land approximately 450 Mya. Nevertheless, accurate tracing of the evolutionary history of this lipid-based signaling system requires functional studies with species in representative phylogenetic groups, particularly in the basal lineages of extant land plants.
There is compelling experimental evidence that JA-Ile synthesis and signaling is conserved in both seedless and seed-bearing vascular plants (122) . However, less certain is the extent to which the pathway operates in ancient nonvascular plants, such as the model moss Physcomitrella patens and liverwort, M. polymorpha. At least some species within these bryophyte lineages have enzymatic capacity to produce the C18 JA precursor 12-oxo-phytodienoic acid (OPDA) but, owing to the absence of OPR3 (OPDA reductase) and JAR1, do not appear to synthesize JA or JA-Ile (12, 121, 145, 162 , but also see Reference 171) . There is evidence that OPDA promotes the wellknown developmental functions of jasmonates in P. patens and M. polymorpha, including fertility and growth inhibition (145, 162) . That OPDA levels are elevated in M. polymorpha in response to mechanical tissue damage further suggests that stress-induced formation of C18 pentacyclic oxylipins may represent an ancestral stress response (162), which was followed by the emergence of JA and JA-Ile biosynthetic capacity in early vascular plants (122) . The presence in bryophytes of putative COI1 and JAZ homologs (12, 152) has raised the intriguing possibility that the active form of the hormone in ancient land plants may be OPDA or an OPDA derivative other than JA or JA-Ile (14) . The presence of a canonical degron sequence in bryophyte JAZ proteins (e.g., M. polymorpha JAZ) (Figure 2) is not necessarily at odds with this hypothesis if, for example, modifications in the cognate COI1 coreceptor accommodated a ligand other than JA-Ile (135). Functional analyses of the COI1-JAZ-transcription factor module in bryophyte lineages are clearly warranted for the insights they will provide into the early origins and physiological functions of the pathway.
The discovery that COI1 is homologous to TIR1 and related F-box proteins that mediate auxin perception was the first of many telltale signs that the regulatory logic of JA-Ile signaling has striking parallels to the auxin response pathway (34, 59, 74, 118, 161) . Nevertheless, the extent to which JA-Ile and auxin signaling share a common ancestry may be limited to COI1 and TIR1, which appear to have evolved in land plants from an ancestral algal gene that encodes an F-box protein lacking key residues for perceiving these hormones (12) . The lack of sequence similarity between JAZ repressors and Aux/IAA repressors and their cognate transcription factor targets [(respectively, MYCs and Auxin Response Factors (ARFs)] supports a scenario in which COI1 and TIR1 diversified following duplication and neofunctionalization of an ancestral land plant F-box gene, but that the JAZ-MYC and Aux/IAA-ARF modules arose independently of each other. For example, it is conceivable that JAZ repressors evolved from an ancestral TIFY protein in response to selective pressure to mitigate the high cost of constitutively expressed defense traits under the control of MYCs (57) . The subsequent emergence of COI1 and its associated ancient ligand would reflect a major step in the evolution of induced resistance because it provided a mechanism to couple stress perception to oxylipin synthesis and derepression of appropriate defense-related genes (57) . Although this hypothesis implies that the evolution of jasmonate signaling was driven by the selective advantages conferred by stress tolerance, an ancestral function for the hormone in growth or other developmental processes cannot be excluded.
TRANSLATIONAL APPLICATIONS IN JASMONATE RESEARCH
The central role of jasmonates in plant resilience to environmental stress has long been an attractive biotechnological target for researchers (153) . Detailed knowledge of JA-Ile signaling opens up exciting opportunities for translational research to reduce crop losses resulting from environmental stress and also to harness the cornucopia of valuable plant products whose biosynthesis is controlled by JAZ-transcription factor modules. Here, we highlight present and potential future research directions aimed at engineering the core JA-Ile signaling pathway for desirable plant traits.
It is well established that jasmonates exert master control over an immense reservoir of plant biosynthetic pathways that produce natural pesticides and other specialized metabolites (48 Considerable attention has focused on medicinally important jasmonate-regulated metabolites, including the antimalarial agent artemisinin and the anticancer drugs vinblastine and paclitaxel. Several studies also implicate jasmonate signaling in the control of metabolic gene clusters that specify the production of triterpenoids and other important plant metabolites (45, 101) . JA elicitation experiments provide a powerful approach to mining coexpressed biosynthetic genes in specific pathways that are often silent in the absence of stress; this approach has also proved useful for identifying candidate transcription factors that control these pathways (54) . Beyond coexpression studies, constitutive activation of JA-Ile signaling can be used to enhance the production of specialized metabolites and resistance to biotic aggressors. Genetic strategies to achieve this include activating upstream elicitors of JA synthesis (21, 36) , jaz mutations that relieve repression on transcription factors (18, 147) , and genetic strategies to mitigate negative feedback loops (61, 83) . In the case of pathways governed by MYCs, the engineering of these transcription factors for insensitivity to JAZ repression offers a particularly promising approach to enhancing the expression of pathways in a targeted manner and independently of JA-Ile levels (45, 55) . Gaining structural insights (174, 175) into the mechanism of JAZ-mediated transcriptional repression will facilitate such efforts. Indeed, several studies have exploited the structural knowledge of the COI1-JAZ coreceptor complex (135) to alter the physiological outcomes of hormone signaling to enhance plant resistance to pathogens. Zhang et al. (176) used a systematic mutagenesis approach to identify a single amino acid substitution in the ligand binding pocket of COI1 that accommodates endogenous JA-Ile but not the phytotoxic agonist coronatine. Arabidopsis plants expressing this modified receptor maintained robust resistance to insect herbivores whose feeding elicits JA-Ile production, but were more resistant to infection by coronatine-producing strains of P. syringae. This approach is significant in establishing the proof of concept that host resistance can be broadened by modifying the targets of pathogen effectors without compromising resistance to other types of plant enemies. Monte et al. (107) showed that a synthetic ligand, coronatine-O-methyloxime, competitively antagonizes COI1-JAZ coreceptor activity to potentiate resistance to P. syringae strains that produce coronatine. These structure-guided approaches for modifying ligand-receptor interaction may ultimately be used to repurpose existing coreceptor modules for enhanced chemical control of crop resistance and to design novel coreceptor subtypes that selectively control desired transcriptional outputs.
A significant barrier to using jasmonates for crop protection is that activation of the pathway is often associated with reductions in plant growth and fitness (57, 60, 168, 180) . Several studies provide proof of principle that such growth-defense trade-offs can be uncoupled to allow for simultaneous defense and growth, at least under controlled laboratory conditions. Genetic uncoupling of jasmonate-mediated growth-defense trade-offs in Arabidopsis was achieved by inactivating phytochrome B in a genetic background lacking five JAZ repressors (18) . Rewiring defense-and light-signaling pathways in this manner may provide a strategy for cultivating densely planted crops with less dependence on pesticides. Remarkably, treating plants with macrolactone derivatives of JA-Ile was shown to activate defense responses in N. attenuata without reducing growth or fitness (72) . Although additional research is needed to determine whether JA-Ile macrolactones exert these effects through the COI1-JAZ receptor system, this finding raises the possibility of boosting crop yield and stress resilience via the application of small molecules that selectively activate defense traits without impeding growth. Studies in rice demonstrate that JAZ overexpression is also a viable strategy for increasing grain yield and biomass, even at the elevated temperatures that reduce the yield of wild-type plants (58) . As our mechanistic understanding of JAZ-transcription factor interactions increases, the use of engineered JAZ scaffolds may accelerate the rational design of jasmonate signaling for improved crop performance. 2. A JA-Ile-induced conformational change in the Jas α-helix is a key part of the molecular switch that converts MYCs from repressors to transcriptional activators. This off/on switch depends on JAZ degradation, and it involves the dissociation of corepressors and recruitment of coactivators, including Mediator.
3. The core signaling pathway is subject to multiple levels of negative feedback control that likely operate with a characteristic time delay to tailor spatial and temporal termination of jasmonate responses.
4. Whereas the core JA-Ile signaling pathway is highly conserved in land plants, inductive input signals and physiological responses are highly diverse. This level of response diversity may help explain the idiosyncratic distribution of specialized metabolites in the plant kingdom, and it highlights the evolution of JAZ-transcription factor modules as a key step in the diversification of jasmonate responses.
5. The major role of JA-Ile in plant immunity is highlighted by the plethora of pathogens that use effectors to manipulate JA-Ile biosynthesis or action. In addition to biotic stress resilience, increasing evidence supports a key role for the hormone in plant responses to drought, salt, temperature extremes, and other abiotic stresses.
6. JAZ proteins are a major hub for molecular crosstalk and the integration of jasmonate with other signaling pathways.
7. The core JA-Ile signaling pathway appears to be conserved in all vascular plants, but more research is needed to understand jasmonate perception and signaling systems in bryophyte lineages.
8. The present mechanistic insights into JA-Ile signaling will accelerate practical applications for improving the stress tolerance of crops, and for achieving sustainable production of valuable plant-derived compounds whose synthesis is controlled by this hormone.
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